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In this paper, electromagnetic emissions produced by a beam-plasma system are investigated using particle-
in-cell simulations for the particular case when the typical transverse size of both 100 keV electron beam and
produced plasma channel is comparable to the radiation wavelength. The interest in this regime of beam-
plasma interaction is associated with highly efficient generation of electromagnetic waves near the plasma
frequency harmonics that has been recently observed in laboratory experiments on the GOL-3 mirror trap.
It has been found that the radiation power only from the vicinity of the doubled plasma frequency in these
experiments can reach 1% of the total beam power. Subsequent theoretical and simulation studies have
shown that the most likely candidate for explaining such efficient generation of electromagnetic radiation
is the mechanism of a beam-driven plasma antenna based on the conversion of the most unstable plasma
oscillations on a longitudinal density modulation of plasma ions. In this paper, we investigate how effectively
this mechanism can work in a real experiment at the GOL-3 facility, when a thin sub-relativistic electron
beam gets a large angular spread due to compression by a magnetic field, and the gas into which it is injected
has macroscopic density gradients.
PACS numbers: 52.35.Qz, 52.40.Mj, 52.35.-g
I. INTRODUCTION
Generation of electromagnetic (EM) radiation in a
plasma by an electron beam has long attracted at-
tention of researchers in relation to both astrophysi-
cal phenomena1–3 and laboratory experiments4–7. Cur-
rently, interest in this problem is associated with the
study of type II and type III solar radio bursts8–12 and
zebra-like fine spectral structures of solar radiation13,14,
as well as with the search for promising schemes for gen-
erating high-power sub-THz and THz radiation in mirror
traps15–18. Since open magnetic systems allow to inject
multigigawatt electron beams, the conversion of even a
small fraction of their power into radiation power (1-5%)
would open up the possibility of generating THz pulses
at the record gigawatt level.
Recent experiments on the steady-state injection of
a long sub-relativistic electron beam with the energy
100 keV and electric current 20-100 A into a magne-
tized plasma at the multi-mirror trap GOL-3 (BINP SB
RAS)19–21 have demonstrated high emission efficiency
which seems unusual for a turbulent beam-plasma sys-
tem. According to authors’ estimates, only in the vicin-
ity of the doubled plasma frequency 2𝜔𝑝, the power of
EM emission has reached 1% of the beam power. A dis-
tinctive feature of these experiments from a conventional
regime with kiloampere beams was the low plasma den-
sity (∼ 1013 cm−3) in which diameters of both the in-
jected beam and ionized plasma channel (< 1 cm) turn
out to be comparable to wavelengths of plasma oscilla-
tions and radiated EM waves.
To explain the efficient generation of radiation in such a
thin system, a model of the so called beam-driven plasma
antenna has been proposed22–24. It has been shown that
emission of EM waves from a thin plasma channel be-
comes possible if the plasma density is longitudinally
modulated within a limited range of wavenumbers. Scat-
tering of the most unstable beam-driven plasma wave
on this density modulation results in the formation of
the superluminal satellite. Due to the beam-induced fre-
quency shift, this satellite is able to transfer its energy
to vacuum EM waves with high efficiency only in a rela-
tively thin plasma comparable in size to the skin-depth.
An analytical theory and PIC simulations for the beam
relaxation in a premodulated plasma have shown that
the efficiency of the fundamental electromagnetic emis-
sion via this mechanism can reach 5%-10%. PIC simula-
tions of the continuous injection of a relativistic electron
beam into an initially homogeneous plasma channel25
have demonstrated that the quasi-regular periodic den-
sity profile necessary for the antenna emission can arise
in a plasma self-consistently due to the modulational in-
stability of the dominant beam-driven mode.
However, it remained not obvious that the same mech-
anism is able to provide high efficiency of electromagnetic
emission at the second harmonic of the plasma frequency,
since such an emission should appear as a result of nonlin-
ear interaction of a primary beam wave with a satellite
reflected from a density modulation. Generalization of
the plasma antenna theory to this case has shown that,
besides the product of amplitudes of a primary 𝐸0 and
reflected 𝐸1 ∝ 𝛿𝑛𝐸0 waves, the nonlinear radiating cur-
rent 𝑗2𝜔𝑝 ∝ 𝐸0𝐸1/𝜂𝑏 also contains division by the plasma
permittivity 𝜂𝑏 = 1 − 𝜔2𝑝/𝜔2𝑏 which is a small parameter
at the frequency of beam pumping 𝜔𝑏 = 𝜔𝑝 − 𝛿. Due
to this fact, the fundamental and second harmonic EM
emissions in the antenna mechanism can be produced
with comparable efficiencies. The possibility of achiev-
ing high efficiency (2%-3%) of beam-to-radiation power
conversion near the second harmonic of the plasma fre-
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2quency has been confirmed in recent PIC simulations26.
The aim of this paper is not only to confirm the prin-
cipal possibility of efficient (at the 1% level) generation
of 2𝜔𝑝-radiation for the typical parameters of the GOL-3
experiments19 by modeling this phenomenon from first
principles, but also to build a general scenario of collec-
tive beam relaxation in a plasma to explain qualitatively
the results of radiometric measurements at the GOL-3 fa-
cility. The first attempt to simulate injection of a thin 100
keV electron beam in a homogenious plasma27 with pa-
rameters and scales of laboratory experiments has shown
that the region of intense beam relaxation and efficient
EM emission at the plasma frequency harmonics is lo-
calized near the injector and its size does not exceed a
few centimeters. This result contradicts the experimental
measurements19 according to which intense radiation has
been observed at a distance of 84 cm from the point of
beam entry into the facility. In the present paper, as the
reasons influencing on the local disruption of the beam-
plasma instability and shifting the radiation region away
from the injector, we will consider (i) a large angular
spread of the beam, which is acquired during the beam
transport to a strong magnetic field of the plasma trap,
(ii) a regular longitudinal gas density inhomogeneity as-
sociated with the features of the gas inlet into the facility,
and (iii) a high level of small-scale density fluctuations
arising due to development of turbulence.
The possibility of reducing the rate of electron beam
relaxation in a plasma with an inhomogeneous density
profile has been known for a long time28,29. At present,
effects of inhomogeneous plasma density are actively con-
sidered in astrophysical problems30–34 and laboratory ex-
periments on the generation of THz radiation35 due to
the possibility of plasma oscillations to transform into
EM waves through the linear mode conversion. The effect
of plasma density gradients is also of interest for experi-
ments on the plasma wakefield acceleration, in particular,
for the study of the self-modulation instability of a pro-
ton beam36 and electrons injection into an accelerating
wake37.
Section II of this paper contains a brief description of
the numerical model and algorithm of creating a realis-
tic momentum particle distribution formed due to com-
pression of an electron beam by a strong magnetic field.
Further, we simulate generation of EM radiation in a
magnetized plasma column 6 mm wide by a continuously
injected sub-relativistic electron beam with the parame-
ters of the GOL-3 experiment (Sec. III). Then, the pos-
sibility to disrupt the beam-plasma instability by both
small-scale plasma density perturbations arising due to
development of turbulence and large-scale regular den-
sity gradients caused by the initial nonuniform gas dis-
tribution in the facility is investigated in Section IV. The
obtained results are further used to build a scenario of
beam relaxation in the GOL-3 experiments (Sec. V).
II. NUMERICAL MODEL
For modeling dynamics of a beam-plasma system,
we use our own parallel 2D3V particle-in-cell code for
Cartesian geometry implemented on Nvidia GPGPU38.
Maxwell equations for EM fields are solved by the stan-
dard FDTD scheme of Yee39. To calculate dynam-
ics and currents of finite-size macro-particles with the
parabolic form-factor, we use the algorithm of Boris40
and the charge conserving density decomposition scheme
of Esirkepov41. The grid and time steps are set to ℎ =
0.04 𝑐/𝜔𝑝 and 𝜏 = 0.02𝜔
−1
𝑝 , where 𝜔𝑝 =
√︀
4𝜋𝑒2𝑛0/𝑚𝑒
is the plasma frequency, 𝑛0 is the unperturbed plasma
density, 𝑐 is the speed of light, 𝑒 and 𝑚𝑒 are the charge
and mass of an electron. At the initial time step, ion-
electron pairs of hydrogen plasma are placed in the same
spatial positions and evenly spaced in the simulation re-
gion, while all EM fields (except the guiding magnetic
field 𝐵𝑥) are equal to zero.
A. Simulation layout
The simulation layout and beam density in the mo-
ment soon after the start of injection are presented in
Fig. 1. Damping layers for EM radiation are placed
Figure 1. Simulation layout.
near all borders of the simulation box. A plasma col-
umn is located in the middle of the system and sepa-
rated in the transverse direction from the boundaries by
vacuum layers. In the longitudinal direction, plasma is
limited by plasma buffers in which the particle distribu-
tion similar to the ones inside the boundary plasma cells
is maintained. New beam particles are created in these
plasma buffers at each time step and then injected into
the plasma. If any plasma particle goes beyond the edge
of plasma column in the longitudinal direction, it is re-
moved from the simulation. A more detailed description
of the open boundary conditions and absorbing layers
implemented in this code can be found in42.
In the laboratory experiments at the GOL-3 facility,
3plasma has been created via gas ionization by an electron
beam itself, therefore their transverse sizes coincide with
each other. In presented simulations, we set this size
equal to 𝜎 = 3.6 𝑐/𝜔𝑝, which corresponds to 6 mm for
the plasma density 𝑛0 = 10
13 cm−3. Vacuum regions
have a size 12 𝑐/𝜔𝑝 ≈ 2.71 cm. The total system length
is 𝐿𝑥 = 60 𝑐/𝜔𝑝 ≈ 10 cm.
Plasma electrons have the Maxwellian momentum dis-
tribution 𝑓𝑒 ∝ exp
(︀−p2/(2Δ𝑝2𝑒))︀ with the initial tem-
perature 𝑇𝑒 = Δ𝑝
2
𝑒/(2𝑚𝑒) = 50 𝑒𝑉 . Plasma ions have
the real mass 𝑚𝑖 = 1836𝑚𝑒 and are initially cold. We
use 196 macroparticles in a cell for each particle sort.
The beam density is 𝑛𝑏 = 0.01𝑛0. For an axially
symmetric beam with the diameter 6 mm and energy
100 keV, this density corresponds to the electric current
𝐼 ≈ 75 A. Since we are not interested in transient pro-
cesses associated with a smooth growth of beam current,
we inject a beam with a sharp front that creates a seed
for the development of the two-stream instability and
contributes to a more rapid transition to a nonlinear sat-
uration state.
B. Electron beam distribution
Since the details of the beam momentum distribution
significantly affect both the growth rate of unstable os-
cillations and their level of nonlinear saturation, we will
try to reproduce these details in numerical simulations as
realistically as possible. In the real experiment, a beam
is created by a diode with a plasma emitter in the region
with the low external magnetic field (0.01 T). After accel-
eration to the required energy, the beam electrons remain
almost monoenergetic, but acquire an angular distribu-
tion with a characteristic scatter Δ𝜃 = 0.01519,43. Fur-
ther transportation of the beam to the region of a strong
magnetic field leads to compression of its transverse size
in hundreds of times and is accompanied by a significant
increase in the angular spread.
In our simulations, such a beam distribution is created
in the following way:
1. the momentum of each particle is set in ac-
cordance with the shifted Maxwell distribution
𝑓𝑏(p) ∝ exp
(︀−(p− p0)2/(2Δ𝑝2𝑏))︀ with the tem-
perature 𝑇𝑏 = Δ𝑝
2
𝑏/(2𝑚𝑒) = 13 eV and directed
momentum p0 = (𝑝0, 0, 0) corresponding to the en-
ergy of 100 keV (𝑝0 = 0.655𝑚𝑒𝑐);
2. then this momentum is distributed between the
longitudinal and transverse components based on
the distribution 𝑓𝑏(𝜃) ∝ exp
(︀−𝜃2/(2Δ𝜃2))︀, where
Δ𝜃 = 0.015 is the initial angle spread (𝑝0⊥ =
𝑝0 sin 𝜃, 𝑝0‖ = 𝑝0 cos 𝜃) (fig. 2 a);
3. transporting a beam from a weak (𝐵0 = 0.01
T) to a strong magnetic field 𝐵 implies the con-
servation of the magnetic moment and energy of
the particles, therefore the final values of their
transverse and longitudinal momenta are defined
as 𝑝1⊥ = 𝑝0⊥
√︀
𝐵/𝐵0, 𝑝1‖ =
√︀
𝑝20 − 𝑝21⊥ (fig. 2 b)
(in the case of particle reflection, 𝑝20 − 𝑝21⊥ < 0, its
momentum is calculated anew in order to save the
specified beam current value);
4. in the Cartesian coordinates we use, the particle
momentum vector is represented as three compo-
nents: 𝑝𝑥 = 𝑝1‖, 𝑝𝑦 = 𝑝1⊥ cos (𝜋𝑅) and 𝑝𝑧 =
𝑝1⊥ sin (𝜋𝑅), where 𝑅 is a random number from
the uniform distribution from 0 to 1.
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Figure 2. Particle distribution of the beam on the diode (𝐵 =
0.01 T) (a) and after transportation to the strong magnetic
field of the trap 𝐵 = 1 T (b).
III. INJECTION INTO A HOMOGENEOUS PLASMA
We have recently shown22–24 that the high efficiency of
EM radiation generation in a thin beam-plasma system
is possible in the presence of a longitudinal modulation
of the plasma density allowing the system to radiate like
a dipole antenna. The principal points of this theory are
given below.
A. The mechanism of a beam-plasma antenna
Let us consider a plane plasma layer with the thick-
ness 2𝑙 and density 𝑛(𝑥) = 𝑛0 + 𝛿𝑛 sin(𝑞𝑥). An electron
beam propagating along the axis 𝑥 drives longitudinal
plasma waves with the frequency 𝜔𝑏 and the wavenum-
ber 𝑘‖ = 𝜔𝑏/𝑣𝑏. Scattering of these oscillations on the
density perturbation with the wavenumber 𝑞 results in
excitation of plasma oscillations (𝜔𝑏, 𝑘‖ − 𝑞). Such os-
cillations can have superluminal phase velocities and are
able to get into the resonance with vacuum EM waves
4traveling at an angle to the plasma layer. This resonance
is possible only if the period of density modulation is not
much different from the wavelength of the beam-driven
mode
1− 𝑣𝑏 < 𝑞/𝑘‖ < 1 + 𝑣𝑏. (1)
The ratio between 𝑞 and 𝑘‖ within this range determines
uniquely the angle of radiation
𝜃 = arctan
⎛⎝
√︁
𝑣2𝑏 − (1− 𝑞/𝑘‖)2
1− 𝑞/𝑘‖
⎞⎠ . (2)
In the particular case 𝑞 = 𝑘‖, EM radiation escapes
from the plasma in the strictly transverse direction. Since
the frequency of the dominant mode in the hydrody-
namic regime of the two-stream instability is less than
the plasma frequency,
𝜔𝑏
𝜔𝑝
= 1− 𝑛
1/3
𝑏
24/3𝛾𝑏
, (3)
the generated radiation is able to efficiently interact with
plasma currents only at the skin depth (𝛾𝑏 is the relativis-
tic factor of the electrons beam). The radiation power
near the plasma frequency is proportional to the square
of the plasma oscillations amplitude25: 𝑃𝜔𝑏∝𝛿𝑛2𝐸20(𝑥).
We will determine this amplitude from simulation fields
as
𝐸0(𝑥, 𝑡) =
⎡⎢⎣𝜔𝑏
𝜋
𝜔𝑏/𝜋∫︁
−𝜔𝑏/𝜋
𝑑𝑡′𝐸2𝑥(𝑥, 𝑡+ 𝑡
′)
⎤⎥⎦
1/2
.
Besides the fundamental radiation near the plasma fre-
quency, such a system can efficiently produce the second
harmonic emission through the nonlinear interaction of
the dominant beam-driven mode (𝜔𝑏, 𝑘‖) with its long-
wavelength satellite (𝜔𝑏, 𝑘‖ − 𝑞) arising due to scattering
on the periodic modulation of ion density:
(𝜔𝑏, 𝑘‖) + (𝜔𝑏, 𝑘‖ − 𝑞)→ (2𝜔𝑏, 2𝑘‖ − 𝑞). (4)
Resulting oscillations of electric current
𝑗∝ exp (︀𝑖(2𝑘‖ − 𝑞)𝑥− 𝑖2𝜔𝑏𝑡)︀ can be a source of
EM emission only in the limited range of 𝑞 values
(1 − 𝑣𝑏 < 𝑞/(2𝑘‖) < 1 + 𝑣𝑏). Thus, for the modulation
period corresponding to the range
1 + 𝑣𝑏 < 𝑞/𝑘‖ < 2(1 + 𝑣𝑏), (5)
the main part of EM power should be radiated near the
second harmonic of the plasma frequency. The radiation
angle is determined by the following expression
𝜃 = arctan
⎛⎝
√︁
𝑣2𝑏 − (1− 𝑞/(2𝑘‖))2
1− 𝑞/(2𝑘‖)
⎞⎠ . (6)
In this case, the radiation power is proportional to the
fourth power of the amplitude of plasma oscillations26:
𝑃2𝜔𝑏 ∝ 𝛿𝑛2𝐸40(𝑥)/𝜂2𝑏 . Despite of the nonlinear character
of this process, the power of 2𝜔𝑝-radiation can be compa-
rable to the power 𝑃𝜔𝑏 of linear conversion because of a
small difference between the pump and plasma frequency
(𝜂𝑏 = 1− 𝜔2𝑝/𝜔2𝑏 ≪ 1).
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Figure 3. Top row: plasma wave amplitude 𝐸0(𝑥) (green
curves), longitudinal electric field 𝐸𝑥(𝑥) in the center of the
plasma (different phases of one oscillation period are shown
by blue curves) and ion density profile (red curves) averaged
over the plasma thickness and over 10 cells in the longitudinal
direction in the case of Ω𝑒 = 1.22𝜔𝑝 in two moments of time.
Bottom row: corresponding maps of longitudinal electric field
𝐸𝑥(𝑥, 𝑦) in MV/cm.
B. Simulation results
Let us carry out simulations of continuous electron
beam injection into a magnetized plasma for two values of
the external magnetic field: 𝐵 = 1.24 T (Ω𝑒/𝜔𝑝 = 1.22)
and 𝐵 = 0.586 T (Ω𝑒/𝜔𝑝 = 0.577), where Ω𝑒 = 𝑒𝐵/𝑚𝑒𝑐
is the electron cyclotron frequency. The former corre-
sponds to the conditions of GOL-3 experiments19, while
the latter – to the case when the upper hybrid frequency
equals to the doubled electron cyclotron frequency 𝜔𝑢ℎ =√︁
𝜔2𝑝 +Ω
2
𝑒 = 2Ω𝑒. Further, we will conventionally call
these fields weak and strong ones.
First, consider the evolution of plasma oscillations at
the early stages of the beam-plasma instability. For both
values of the external magnetic field, the most intense
beam-plasma interaction is localized at a distance of less
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Figure 4. Top row: Ω𝑒 = 1.22𝜔𝑝, bottom row: Ω𝑒 = 0.577𝜔𝑝. From left to right: the map of electric field 𝐸𝑥 inside the plasma
in the moment 𝑡 = 300𝜔−1𝑝 , the Fourier spectrum of 𝐸𝑥(𝑡, 𝑥) in the center of a plasma column as a function of 𝑥, frequency
spectra at individual spatial 𝑥-points. All spectra are calculated for the full duration of the simulation.
than 6 cm from the injector. The linear stage of the two-
stream instability is followed by the nonlinear process of
beam trapping by the field of an excited wave. As a
result, spatially localized wave packets with a large am-
plitude of the longitudinal electric field are formed (Fig.
3 𝑡 = 150𝜔−1𝑝 ).
In the strong magnetic field, the role of the most un-
stable modes are played by oblique oscillations of the
upper-hybrid branch getting in the Cherenkov resonance
with the beam and having the frequency 1.39𝜔𝑝 (Fig. 4
top). These oscillations are excited in the first 3 cm of the
plasma. After interacting with them, the beam receives
a significant spread in momenta and begins to build up
purely longitudinal waves with the frequency 0.89𝜔𝑝. It
is slightly lower than the value of 𝜔𝑏 = 0.93𝜔𝑝 that is pre-
dicted by the linear theory (3) for a monoenergetic beam.
As the plasma electrons are heated, the oblique instabil-
ity decays and the beam begins to build up longitudinal
oscillations in the entire region.
In the weak magnetic field Ω𝑒/𝜔𝑝 = 0.577, the beam
excites only longitudinal plasma oscillations at the fre-
quency 0.99𝜔𝑝 from the very beginning. Since the an-
gular spread of the beam in this case turns out to be
noticeably smaller, the instability growth rate increases
significantly, shifting the region of intense beam relax-
ation to the immediate vicinity of the injector (Fig. 4
bottom).
In further, the ponderomotive force of the spatially
localized wave packet forms a well on the longitudinal
profile of the ion density. The linear mode conversion
of plasma waves on this perturbation gives rise to first
microbursts of EM radiation near the plasma frequency
(Fig. 3 𝑡 = 750𝜔−1𝑝 ). At the same time, both in the
density profile and in the amplitude of plasma oscilla-
tions, we observe a growth of the smaller-scale modula-
tion instability with 𝑞 = 2𝑘‖. The nonlinear stage of this
instability ends with the formation of a deep longitudi-
nal modulation of the ion density and transformation of
traveling plasma oscillations into a standing wave whose
antinodes are localized inside the plasma density wells
(Fig. 5 g-h). While oscillations in neighboring wells
occur in antiphase (i.e. the standing wave consists of
traveling waves with ±𝑘‖), they are pumped resonantly
by the beam. According to the plasma antenna mecha-
nism, the nonlinear interaction of modes with ±𝑘‖ leads
to transverse emission at 2𝜔𝑏 (Fig. 5 e), and their linear
conversion on perturbations with 𝑞 = 𝑘‖ is responsible
for radiation at 𝜔𝑏 (Fig. 5 d). As neighboring oscilla-
tors dephase, they fall out of resonance with the beam
and the locked plasma oscillations begin to decay. Thus,
the modulational instability of the most unstable beam-
driven wave with subsequent trapping of oscillations in
density wells and the local disruption of the instability
forms a single burst of EM radiation. Maps of the elec-
tric fields in the moment of the most intense generation
of EM waves in the strong magnetic field are presented in
Fig. 5 d-f, while the temporal evolution of a single burst
is shown in Fig. 6 a.
Figure 5 (d,e,g,h) also shows that the fundamental EM
emission is less localized than the second harmonic one,
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Figure 5. Simulation results for the magnetic field Ω = 1.22𝜔𝑝. Upper row (a-c): radiation spectra of electric field components
for the entire simulation time at the outer boundary of the vacuum region as functions of the longitudinal coordinate 𝑥; middle
row (d-f): maps of electric fields in the moment 𝑡 = 1314𝜔−1𝑝 = 7.37 ns; bottom row: (g-f) the plasma ion density averaged
over the plasma thickness and over 10 cells in the longitudinal direction (red line); the square (g) and the fourth power (f) of
the plasma wave amplitude 𝐸0(𝑥) in the center of the plasma (green line); (i) phase space (𝑥, 𝑣𝑥) of the beam.
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Figure 6. The efficiency of beam-to-radiation power con-
version as a function of time in the strong magnetic field
Ω𝑒 = 1.22𝜔𝑝 for two simulations with different random real-
izations of initial particle distributions. The blue line is TM
(𝐸𝑥, 𝐸𝑦, 𝐵𝑧) mode, the orange line is TE (𝐵𝑥, 𝐵𝑦, 𝐸𝑧) mode,
the green line is their sum.
which is consistent with our theoretical scalings 𝑃𝜔𝑏 ∝ 𝐸20
and 𝑃2𝜔𝑏 ∝ 𝐸40 . An interesting feature of the considered
regime of beam-plasma interaction is that emissions at
different harmonics (Fig. 5 a-c) differ in polarizations:
the spectrum of the TM (𝐸𝑥, 𝐸𝑦, 𝐵𝑧) mode is dominated
by the beam frequency 𝜔𝑏, while in the TE (𝐵𝑥, 𝐵𝑦, 𝐸𝑧)
mode, most of the radiation energy is concentrated at the
second harmonic. The radiation spectrum also demon-
strates the less intensive lines near 𝜔 = 1.39𝜔𝑝 and
𝜔 ≈ 2Ω𝑒 indicating that resonant upper hybrid oscilla-
tions and harmonic cyclotron emissions are able to escape
from the plasma.
Note that the formation of a nonuniform ion density
profile depends on a complicated history of the devel-
opment of the two-stream and modulational instabilities
and, for each random realization of the particle distri-
bution function, takes place in its own unique way. In
this situation, only the global scenario of the process,
the spectrum of the observed radiation, as well as the
conclusion about its high generation efficiency remain
unchanged. Figure 6 presents the efficiency of the beam-
to-radiation power conversion in the case of the strong
magnetic field for two simulations differing only in the
specific implementation of the initial momentum distri-
bution function of plasma particles. It can be seen that
the total radiation power constitutes 2% - 3.5% of the
injected beam power, while the efficiency of the 2𝜔𝑝-
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Figure 7. Same as in Fig. 5, but for the magnetic field Ω = 0.577𝜔𝑝 and time moment 𝑡 = 1910𝜔
−1
𝑝 = 10.7 ns.
radiation polarized across the magnetic field reaches 1%.
Results of simulations for the weak magnetic field
Ω𝑒 = 0.577𝜔𝑝 in the moment of the most efficient EM
emission are shown in Fig. 7. The corresponding tem-
poral dependence of the relative radiation power is still
a set of bursts (Fig. 8 b). Initially, the most intense
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Figure 8. Same as in Fig. 6, but for the case Ω𝑒 = 0.577𝜔𝑝.
beam-plasma interaction was localized in the immediate
vicinity of the injector. This contributed to the forma-
tion of a small-scale ion density modulation there. As
can be seen from Fig. 7 d and g, this modulation led
to a complete disruption of the instability in this region.
As a result, the beam began to pump oscillations effec-
tively in a more remote area (3-4 cm) which eventually
also became a source of EM emission.
Let us analyze the role of the antenna mechanism in
the generation of such radiation. For this purpose, we
consider the spectra of ion density (fig. 9 a) and plasma
oscillations (fig. 9 d) in the same moment of time that
is shown in Fig. 7. In addition, we present the emis-
sion spectrum (Fig. 9 c) in a single spatial point near
the absorbing layer lying oppositely the radiating region
and also indicate areas in the (𝑞, 𝑘‖)-space (Fig. 9 b) in
which the conditions (1) and (5) for antenna emissions
are satisfied (𝑣𝑏 = 0.99𝜔𝑝/𝑘‖).
In the spectrum of plasma oscillations, it is observed
the dominance of the beam mode with the wavenumber
𝑘‖ = 2.19 that is coincides with one of the main peaks
of the ion density spectrum 𝑞 = 2.19. This situation
corresponds to the transverse antenna emission near the
plasma frequency. For the remaining spectral lines, it
is also possible to generate EM waves at an angle to the
plasma layer at both 𝜔𝑝 harmonics, which is confirmed by
the electric field map and the emission spectrum shown
in Fig. 7. In contrast to the case of the strong magnetic
field Ω𝑒 = 1.22𝜔𝑝, the fundamental EM emission here
dominates in all polarizations. Figure 8 shows the hys-
tory of radiation efficiency for two different simulations
with the magnetic field Ω𝑒 = 0.577𝜔𝑝. For each polar-
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Figure 9. Conditions of EM waves generation via the antenna
mechanism for the case Ω𝑒 = 0.577𝜔𝑝. (a) Ion density spec-
trum in the moment 𝑡 = 1910𝜔−1𝑝 = 10.7 ns; (d) spectrum of
the plasma wave in the center of the plasma layer; (b) condi-
tions of efficient realization of the plasma antenna mechanism
in (𝑞, 𝑘‖) coordinates; (c) emission spectra at a point in front
of the emitting zone.
ization, the radiation power also reaches 1%-2% of the
beam power.
IV. DISRUPTION OF THE BEAM-PLASMA
INSTABILITY
Presented simulations show the possibility of generat-
ing EM waves by an electron beam in an initially uniform
plasma channel with the high efficiency of power conver-
sion (a few %). But compact radiating regions turn out
to be located at a distance of several centimeters from
the injector, which cannot explain experimental observa-
tions of efficient 2𝜔𝑝-emission at a distance of 84 cm. As
it has been already discussed for the case Ω = 0.577𝜔𝑝,
small-scale ion density perturbations growing due to the
modulational instability enable to completely disrupt the
two-stream instability. As a result, the beam becomes
capable of pumping plasma waves in regions more dis-
tant from the injector. It is logically to assume that, in
the future, a highly inhomogeneous density profile will
be formed also in these new regions forcing the beam to
relax further and further away from the injector. Such a
scenario could explain the wider region of intense beam-
plasma interaction observed in laboratory experiments
on microsecond time-scales.
To verify this hypothesis, we carry out simulations with
a preformed turbulent ion density profile. The following
function is taken as a model spectrum of density fluctu-
ations (Fig. 10 a):
𝑓(𝑞) =
𝑞𝑘−1
𝜃𝑘Γ(𝑘)
𝑒−𝑞/𝜃
√
𝑞𝑚𝑎𝑥 − 𝑞, (7)
where 𝑞 is the wavenumber of the longitudinal density
modulation, 𝜃 = 2.5 and 𝑘 = 3 are distribution parame-
ters, 𝑞𝑚𝑎𝑥 ia a maximal considered harmonic. From this
0 5 10 15
q
0.000
0.025
0.050
0.075
0.100
0.125
δn
(q
)
a
0 pi 2pi
x
−0.6
−0.4
−0.2
0.0
0.2
0.4
δn
(x
)
b
Figure 10. (a) The wavenumber spectrum of model density
modulation 𝛿𝑛(𝑞). (b) One period of a model density modu-
lation 𝛿𝑛(𝑥).
distribution, 𝑁𝑞 = 15 uniformly arranged harmonics are
selected. For each of them, we calculate the resulting
amplitude and random phase in the range [−𝜋 : 𝜋]:
𝛿𝑛𝑖 = 𝛿𝑛0 · 𝑓(𝑞𝑖)
𝑓𝑚𝑎𝑥
, (8)
𝜑𝑖 = 𝜋 · 𝑟𝑎𝑛𝑑𝑜𝑚[−1 : 1], (9)
where 𝑓𝑚𝑎𝑥 is a maximum value of the distribution func-
tion and 𝛿𝑛0 = 0.14. The final plasma density is created
in the form (Fig. 10 b):
𝑛(𝑥) = 𝑛0 +
𝑁𝑞∑︁
𝑖=0
𝛿𝑛𝑖 sin(𝑞𝑖𝑥+ 𝜑𝑖) (10)
Figure 11a shows the phase plane of the beam (𝑥, 𝑣𝑥)
in the case of its injection into a homogeneous plasma
with fixed ions in the magnetic field Ω𝑒 = 1.22𝜔𝑝. The
beam-plasma instability is seen to be developed in the im-
mediate vicinity of the injection area and, at a distance of
5 cm, beam-driven plasma oscillations reach amplitudes
capable of stopping beam particles.
In the case of turbulent density (Fig. 11 b), we observe
that the beam-plasma instability is significantly weak-
ened in the first centimeters of plasma, but oscillations
still reach the nonlinear level of beam trapping further
from the injector. Thus, the presence of small-scale den-
sity perturbations in a plasma with a sufficiently wide
spectrum results in only weakening the instability, but
not in its complete disruption.
Another possible explanation for the ability of the
beam to generate EM radiation far from the injector is
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Figure 11. Each subfigure contains: the top – ion density formula, in the middle – density profile as a function of the
longitudinal coordinate, bottom – phase portrait of the beam (𝑥, 𝑣𝑥). (a) – homogeneous density; (b) – turbulent plasma density
superimposed on a uniform profile; (c) – large-scale linear density gradient; (d) – turbulent plasma density superimposed on a
large-scale linear density gradient.
the presence of a large-scale longitudinal density gradi-
ent caused by the nonuniform gas inlet into the vacuum
chamber. To test this idea, we simulate the beam injec-
tion into a plasma with the density:
𝑛(𝑥) = 𝑛0 +
𝑛1 − 𝑛0
𝐿𝑥
𝑥,
where 𝑛0 = 10
13 cm−3, 𝑛1 = 1014 cm−3 and 𝐿𝑥 = 100
cm. The result is shown in Figure 11 c. The presence of
such a gradient also weakens the beam-plasma instability,
but does not lead to its complete disruption.
The presence of intense oscillations in a plasma with a
longitudinal density gradient will eventually lead to the
development of modulation instability and the formation
of a turbulent density spectrum. So it is to study the
influence of a large-scale gradient with small-scale turbu-
lence on the beam relaxation:
𝑛(𝑥) = 𝑛0 +
𝑛1 − 𝑛0
𝐿𝑥
+
𝑁𝑞∑︁
𝑖=0
𝛿𝑛𝑖 sin(𝑞𝑖𝑥+ 𝜑𝑖).
The result of simulation with such a plasma density is
shown in Fig. 11 d. It is seen that such an inhomogeneity
is able to disrupt the instability on a scale of 10 cm.
V. SCENARIO OF EXPERIMENT
According to the simulation results, relaxation of an
electron beam with an energy of 100 keV and a current
of 75 A in the conditions of the laboratory experiment
at the GOL-3 facility19 should proceed according to the
following scenario. The beam ionizes the gas in its cross
section and, due to the development of the two-stream
instability, excites longitudinal oscillations in the result-
ing plasma channel. Since the gas density at the first
meter of the trap varies by a factor of 10, the growth
rate of this instability turns out to be lower than in a
homogeneous plasma. Therefore, plasma oscillations ex-
cited by the beam reach their nonlinear saturation at a
distance of 10 cm. Due to the development of the mod-
ulational instability of the dominant beam-driven wave
with 𝑘‖ ≈ 𝜔𝑝/𝑣𝑏, small-scale periodic perturbations of
ion density with the wavenumbers 𝑞 ∼ 𝑘‖ begin to grow.
10
Due to the small transverse size of the system, compa-
rable to the radiation wavelength, the linear and nonlin-
ear conversion of the beam wave on these perturbations
via the antenna mechanism leads to the emission of EM
waves at the plasma frequency and its second harmonic.
The region of intense beam-plasma interaction has a size
of 1-3 cm, and the radiation from it has the bursty charac-
ter. The duration of bursts is determined by the growth
time of the modulational instability and takes 1-5 ns in
our simulations. The repetition period of such bursts
should be determined by the longer time of the ion den-
sity relaxation that recreates favorable conditions for the
new buildup cycle of the beam-plasma instability. The
peak radiation power in a single burst can be several per-
cent of the beam power, and in a strong magnetic field
Ω𝑒 > 𝜔𝑝, a significant part of this power is contained
in the transversely polarized 2𝜔𝑝-radiation. After a lo-
cal disruption of the beam-plasma instability, the region
of intense beam relaxation shifts away from the injector.
Based on the performed simulations, it can be assumed
that, for the beam current under study, the formation of
small-scale perturbations on a large-scale density gradi-
ent leads to a shift of intense beam-plasma interaction to
the region of 10-20 cm.
It should be noted that the considered regime with a
current of 75 A does not allow direct comparison with
the experiment in which, at a given current, no EM radi-
ation has been detected19 at the location of radiometric
diagnostics (84 cm from the injector). Highly efficient
EM emission in this place has been observed only in a
narrow range of weaker currents of 20-30 A. Since sim-
ulations of weak currents on a scale of 1 m goes beyond
the computing resources available to us, we restrict our-
selves to a qualitative assessment of the adequacy of the
scenario that is observed in the regime already studied.
First, our simulations allow to answer the question of
why radiation has not been registered at the location of
84 cm with beam currents above 75 A. Intense radia-
tion at the harmonics of the plasma frequency in this
case should be generated in the region of 10–20 cm. The
decrease of the beam current and its relative density re-
duces the growth rate of the beam-plasma instability and
increases the stabilizing effect of density inhomogeneities
shifting the region of efficient beam-plasma interaction
further from the injector. It is likely that, for 𝐼𝑏 = 20−30
A, this region comes to the visibility zone of the radiation
detection system.
Second, our simulation studies confirm the principle
possibility to generate radiation at the doubled plasma
frequency with the efficiency of 1% that is unusually high
for a turbulent beam-plasma system. The beam-driven
plasma antenna is proposed for the role of the mechanism
capable of providing such an efficient EM emission.
Third, the established scenario makes it possible to in-
terpret the bursty nature of radiation in experiments as
a cyclic process in which the buildup of the two-stream
instability in a very compact region of 1-3 cm is accompa-
nied by the growth of longitudinal modulation of the ion
density followed by getting out of resonance of trapped
oscillations with the beam and subsequent relaxation of
small-scale density inhomogeneities. Taking into account
the longer period of such a cycle at low currents, this
process may be responsible for the generation of individ-
ual bursts with the typical duration of 20 ns observed in
experiments20.
VI. SUMMARY
We have carried out PIC simulations of continuous
injection of a thin sub-relativistic electron beam into a
magnetized plasma channel with the parameters of a lab-
oratory experiment at the GOL-3 mirror trap and have
shown the principal possibility of generating EM radia-
tion near the plasma frequency and its second harmonic
with a total power of several percent of beam power.
We have found regimes when a significant fraction of
this power falls on the second harmonic, which is con-
sistent with the estimates of the efficiency of such ra-
diation in the experiment. The conducted studies shed
light on the physics of beam relaxation in these experi-
ments and allow a qualitative interpretation of their re-
sults. In particular, it has become clear that, even in a
strong magnetic field, the radiation is tied to the plasma
frequency harmonics, but not to the upper hybrid reso-
nance or cyclotron frequencies. We have also confirmed
that the plasma antenna mechanism can work efficiently
under the experimental conditions, have described a sce-
nario for the formation of individual radiation bursts and
explained why radiations produced in the high-current
regimes (>75 A) cannot be detected by existing diagnos-
tics.
Note that the same regime of a thin beam can be real-
ized in a denser plasma with a beam of millimeter diam-
eter and kiloampere currents, which opens the prospect
of equally effective generation of high-power radiation in
the THz frequency range.
This work was supported by RFBR (Grant No.18-02-
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